River Springs, and Weeki Wachee Springs and daily maximum water levels in ROMP TR18-3 well, Homosassa well no. 
ABSTRACT
Coastal Citrus and Hernando Counties are located along the west-central coast of peninsular Florida. The area is primarily a zone of ground-water discharge and contains 3 first-order-magnitude springs (springs that discharge 100 cubic feet per second or more) and at least 23 smaller springs. The Upper Floridan aquifer is the source of these springs, and discharge is from a regional flow system that encompasses an area of about 3,400 square miles.
Mean discharge per spring is about 26 cubic feet per second based on measurements at 25 springs. Most springs have similar seasonal flow patterns, with peak discharges in late summer and early fall followed by gradual declines in flow toward winter and spring. Flow from springs is related to the altitude of ground-water levels in the Upper Floridan aquifer. Tides in the Gulf of Mexico affect the flow of most springs. Flow in tidal springs is generally greater at low tidal stages than at high or intermediate tidal stages.
Most tidal springs lie near or within the zone of diffusion in the Upper Floridan aquifer and discharge a mixture of saltwater and freshwater. The chloride concentrations of spring water generally decrease with distance from the coast as a result of higher fresh ground-water levels and a deeper saltwater-freshwater interface.
Sampled springs discharge three types of water: calcium bicarbonate, sodium chloride, and a transitional water type. The primary processes affecting the chemistry of spring waters are solution of carbonate minerals and mixing with saltwater. There is a significant seasonal difference in water chemistry in some of the springs. Generally, the seasonal variability in water chemistry increases with the salinity of spring discharge. Sampled springs have similar stableisotope and tritium concentrations that also are similar to concentrations in ground water in the basin. No appreciable variation in isotope composition of the freshwater feeding the springs was observed between sampling periods, and ground water flowing to the springs is of very recent origin.
Springs at the coast are subject to wide variation in specific conductance and stage. Specific conductance can increase by 5,000 to 20,000 microsiemens per centimeter in a few hours between low and high tides, whereas stage can increase by 1 to 2 feet between low and high tides. Multilinear regression models were developed by using independent variables that were suspected to affect specific conductance of spring waters. The model that accounted for the greatest variation in specific conductance included tidal stage and ground-water levels. The regression models indicate that changes in specific conductance are caused primarily by changes in ground-water levels.
Spring-water quality and quantity could change with continued development of ground water. A program of longterm monitoring at selected springs would provide a data base for assessing regional effects of increased development.
INTRODUCTION
Coastal west-central Florida is undergoing rapid urban development that has increased the demand for freshwater. As demands for freshwater increase in coastal areas, new regional well fields may be used to augment present supplies. There is concern that saltwater intrusion may occur as a result of pumping and exporting ground water from future well fields to urban centers. The problem of saltwater intrusion is likely to increase as population rapidly increases and greater demands are placed on the water resources in west-central Florida.
Recognizing that an evaluation of the probable effects of an increase in water withdrawals would require an increased knowledge of the estuarine resources of the area, the U.S. Geological Survey (USGS), in cooperation with the Southwest Florida Water Management District (SWFWMD), conducted a study during 1983-86 to investigate the effects of river discharge and high-tide stage on saltwater intrusion in four of the major spring-fed estuarine rivers in the area The report presents information on discharge, water quality, and water-level variations for springs in the study area. Also described, on the basis of data collected at the springs, are analyses of the effects of tides and ground-water levels on discharge, water quality, and water-level fluctuations of springs. The report also describes the variability of the quality of water discharging from springs in the study area and discusses the mixing patterns, age, and origins of the water. Daily discharge was estimated at four springs, and relations among high tides, ground-water levels, and daily maximum specific conductance of spring water were evaluated by use of regression techniques.
Description of Study Area
The study area extends along the gulf coast of Florida from near Homosassa Springs southward to the PascoHernando County line ( fig. 1 ). The study area lies within the Gulf Coastal Lowlands physiographic province as described by Vernon (1951) . Marine terraces and sand dunes are the dominant topographic features. Along the coast, saltmarshes with palm-covered islands dominate. The coast is low, and land altitudes range from sea level at the gulf coast to about 30 ft above sea level along the eastern edge of the study area. The coast is broad and flat, dotted with many small islands that are separated by shallow bays.
The most distinctive topographic feature is the welldefined Pamlico Terrace (White, 1970, p. 143) , an ancient shoreline 25 to 30 ft above present sea level, 2 to 15 mi inland from the coast, which generally parallels the present shoreline. It extends beneath the present sea level to a submerged shoreline. East of the Pamlico Terrace are sandhills dotted with sinkholes and springs. The saltmarshes and swamps along the coast grade into a hardwood hammock belt with sand pine and oak forests inland from the terrace scarp.
The study area is underlain by a thick sequence of honeycombed and fractured limestone and dolomite of Tertiary age (table 1) . The carbonate rocks are at or near land surface. Where they are in the subsurface, they are covered by unconsolidated, porous sands that range in thickness from less than 5 ft near the coast to more than 30 ft along the Pamlico Terrace.
The near offshore areas of the Gulf of Mexico are shallow (less than 20 ft average depth) and exhibit little relief. The bottom is covered by a thin, discontinuous sediment veneer and is characterized by a karst platform with limestone outcrops, sinks, and a few submarine springs. Many of the sinks and springs have been filled by sand transported by a current flowing northward in the Gulf of Mexico (Wetterhall, 1964) . The number of karst features seems to decrease away from shore (Brooks, 1973) .
Rainfall in the area averages about 56 in/yr, of which about 34 in. falls during the 5-month period May through September. July is the wettest month and November is the driest. The mean annual temperature is about 71°F, and monthly means range from 80°F in August to 60°F in January (National Oceanic and Atmospheric Administration, 1983) .
Hydrogeology
Surface drainage in the study area is minimal and most water movement is through the Upper Floridan aquifer. The few perennial streams that do exist are supplied almost entirely by spring discharge. The area contains 3 first-ordermagnitude springs (springs that discharge 100 ft3/s or more) and at least 23 smaller springs. The springs discharge a total of about 650 ft3/s of water to coastal rivers, saltmarshes, and swamps along the Gulf of Mexico. Figure 1 . Location of the study area and data-collection sites. Ryder, 1985, The Upper Floridan aquifer is the source of these springs, as well as virtually all water used in the area. The aquifer consists of several geologic formations that function as a single hydrologic unit. Those formations are, from bottom to top, the Avon Park Formation, the Ocala Limestone, and the Suwannee Limestone (table 1). The top of the aquifer is about 80 ft below land surface in the sand ridges east of the springs, but is at or near land surface along the coast. The base of the Upper Floridan aquifer in the study area is considered to be at the first occurrence of vertically persistent evaporites, which generally occur about 600 ft below sea level in the lower part of the Avon Park Formation.
A surficial aquifer, separate from the Upper Floridan aquifer, occurs as a discontinuous unit within the coastal springs basin (Fretwell, 1983) . Some perched water-table aquifers of limited extent occur locally in these sands. The surficial deposits, however, generally are too thin or clayey to constitute an important aquifer.
The potentiometric surface of the Upper Floridan aquifer in the ground-water drainage area of the coastal springs basin is shown in figure 2. Arrows on the map indicate the general direction of flow in the aquifer in the area. Ground water generally flows westward toward the Gulf of Mexico, normal to the contour lines, from areas of high potential to areas of low potential.
Recharge to the aquifer occurs east of the springs as percolation through surficial deposits and drainage into sinkholes. Annual recharge to the Upper Floridan aquifer was estimated to range from 10 to 30 in. by using a regional flow model (Yobbi, 1989) . Recharge is high because the area is internally drained and little water runs off landward of the springs. This has led to an active shallow flow system where water quickly flows into and out of the limestone (Bush, 1982) .
The study area is mostly a zone of ground-water discharge. Three major rivers the Homosassa, the Chassahowitzka, and the Weeki Wachee originate from springs, as do many smaller streams. Discharge is from a regional flow system that encompasses an area of about 3,400 mi2 and extends 30 to 40 mi beyond the eastern edge of the coastal springs basin boundary ( fig. 2) . At the coast, ground water flows upward through solution cavities to discharge as springs or as diffuse upward leakage into low-lying coastal swamps. Solution cavities commonly are large and interconnected by conduits, some large enough to accommodate extremely large flows (Sinclair, 1978) .
Most springs in coastal Citrus and Hernando Counties lie near or within the zone of diffusion and discharge a mixture of saltwater and freshwater. The potentiometric surface of the Upper Floridan aquifer in the coastal springs area during May 1988 and the chloride concentrations of spring waters measured in June and July 1988 are shown in figure 3 . A clear relation between water levels in the Upper Floridan aquifer and chloride concentrations of springs is not apparent. This is because the springs terminate at different depths within the aquifer. Generally, however, the higher potentiometric-surface contours are associated with lower chloride concentrations of spring waters.
Dynamics of Saltwater-Freshwater Mixing
The relation of saltwater to freshwater in coastal aquifers in contact with the sea has been recognized for many years. Under hydrodynamic equilibrium, saltwater underlies freshwater in a wedge that decreases in thickness landward. Theoretically, for every foot of freshwater head above sea level measured at the saltwater-freshwater interface, the interface is depressed 40 ft below sea level (Hubbert, 1940) . A sharp interface between freshwater and saltwater does not exist in coastal aquifers because of tidal fluctuations or water-level fluctuations caused by changes in recharge or pumpage with time. Instead, a dynamic equilibrium has been established that causes freshwater and saltwater to mix and form a transition zone between freshwater and saltwater. In the transition zone, the saltwater is not static but flows in a perpetual cycle from the sea floor into the zone of transition and back to the sea floor (Cooper and others, 1964) . The slope and thickness of the saltwater-freshwater transition zone along the coast of the study area are shown in figure 4 . The sections were constructed from well data collected within 5-mi-wide bands. Most data are from 1980, but data from as early as 1965 have been used to define the shape of the interface. The shape of the transition zone varies between the sections. The slope of the transition zone is lower in Citrus County than in Hernando County because of a decrease in the hydraulic-head gradient with distance from the coast that allows higher chloride concentrations at shallower depths.
The approximate position of the 250-mg/L line of equal chloride concentration at a depth of 100 ft below sea level in the Upper Floridan aquifer is shown in figure 5 . The line is based on chloride concentrations in water collected from wells and springs from 1964 through 1975 by Mills and Ryder (1977) and by Causseaux and Fretwell (1982) , who added data on chloride concentrations through 1980. Coastward from this line, saltwater generally occurs at depths of less than 100 ft, and ground-water levels in the aquifer generally are less than 2.5 ft above sea level. Inland from this line, groundwater levels in the Upper Floridan aquifer generally are more than 2.5 ft above sea level, and water containing more than 250 mg/L of chloride generally occurs at a depth greater than 100 ft. (Stewart and Gay, 1983) .
Surface geophysical methods have been used successfully to locate the saltwater-freshwater interface in Citrus and Hernando Counties. The interface is denoted by steep, decreasing gradients of low resistivity. Bisdorf and Zohdy (1979) mapped resistivities to depths of more than 1,000 ft and were able to define saltwater along a line near Homosassa Springs ( fig. 6 ). By using EM soundings, Stewart (1982) , Stewart and Gay (1983) , and L.A. Knochenmus (U.S. Geological Survey, written commun., 1989) were able to map the deep and shallow parts of the saltwater-freshwater interface in coastal Pasco, Hernando, Citrus, and Levy Counties (figs. 5, 7, and 8). The most distinctive features of the geophysical data are the landward reentrants of low-resistivity contours near Crystal River Springs, Halls River Springs, and Homosassa Springs. Apparently, these major groundwater discharge points create a very steep saltwater-freshwater interface in their vicinity (Stewart, 1982) .
In general, the chloride-concentration and geophysical data indicate an interface that is parallel to the coast with significant landward reentrants at major springs and gulfward extensions of the interface between springs.
The presence of the springs has lowered hydraulic heads, permitting higher chloride concentrations at shallower depths. High salt content of many brackish springs indicates that gulf water has intruded through interconnected solution conduits gulfward of the springs.
METHODS OF STUDY
Methods used to collect and analyze data in this study are briefly described in this section. Data collection included measurement of discharge, laboratory analysis of water-quality samples, and field measurements of water levels and specific conductance. Methods used for statistical analysis of these data are also described.
Discharge Measurements
Discharge measurements were made below each spring pool by using Price current meters and standard USGS streamflow-measuring techniques. Discharge was measured periodically and during water-quality sampling events. Springs that show the effects of tides are called tidal springs.
Relations between discharge and other hydrologic variables were developed for two tidal springs (Crab Creek Spring and Salt Spring) and two nontidal springs (Weeki Wachee Springs and Bobhill Springs). At Crab Creek Spring and Salt Spring, several sets of continuous tidal discharge measurements were made during the study. At Weeki Wachee Springs and Bobhill Springs, discharge measurements were made periodically over a range of hydrologic conditions. Because unique stage-discharge relations do not exist for springs in the study area, daily discharge was estimated from relations between individual discharge measurements and concurrent ground-water and tidal levels.
Water-Quality Analyses
Water was sampled for chemical and physical analyses at 25 springs, 3 wells, and 4 surface-water sites in the Gulf of Mexico. Most spring sites were sampled twice once near the end of the dry season (June and early July) and once near the end of the wet season (October and November). The wells and surface-water sites in the Gulf of Mexico were sampled once. Samples were analyzed for an extensive suite of chemical and physical properties, including total nitrogen, total phosphorous, and environmental isotopes.
Temperature, pH, Eh, dissolved oxygen, alkalinity, and specific conductance were measured in the field. The pH meter was calibrated for the 4 to 7 pH range, and the specificconductance meter was calibrated with a range of standards to encompass the specific conductance of water from the sites sampled. 
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^^"^*-:: Water samples were collected at the source of each spring with a peristaltic pump. A weighted sampling tube was lowered into the spring vents from 5 to 20 ft below the water surface. The water was then circulated in a flow-through sample chamber to prevent contact with the atmosphere.
All samples analyzed for dissolved constituents were filtered through a 0.45-|im filter. Samples for cation analysis were acidified to a pH of 2 or less with nitric acid. Samples for nitrogen and phosphorous analysis were treated with mercuric chloride and then chilled for shipment. Samples for sulfide analysis were unfiltered and treated with zinc acetate and sodium hydroxide. Samples for analysis of hydrogen and oxygen isotopes were treated with mercuric chloride and sealed with electrical tape to prevent atmospheric contamination prior to analysis at the laboratory. Samples for tritium analysis were collected in a nitrogen-gasflushed 1-L polyethylene bottle and sealed with electrical tape.
Water-quality analyses were performed by the USGS and the University of Miami water-quality laboratories. Most analytical methods used by the USGS for inorganic determinations are described by Skougstad and others (1979) , methods for organic determinations are described by Goerlitz and Brown (1972) , and methods for radiochemical determinations are described by Thatcher and others (1977) .
Water-Level and Specific-Conductance Measurements
Tidal stage and specific conductance were measured continuously at Salt Spring and Crab Creek Spring for 1 year. At 19 other spring sites, four water-level and specificconductance monitors were rotated twice among springs at intervals of 3 to 6 weeks to determine daily and seasonal variations in stage and specific conductance. Continuousrecord sites were equipped with instruments that measured and recorded data at 15-minute intervals. Specific conductance was measured in microsiemens per centimeter at 25°C.
Recorders were installed on ROMP 19-2 well and Homosassa well no. 1 ( fig. 1 ) to obtain continuous records of water levels and specific conductance of water in the Upper Floridan aquifer. The recorders were operated for about 1 year to determine aquifer response to recharge, discharge, and tidal effects. Ground-water levels also were measured twice (May and September) in a network of wells to define the potentiometric surface of the Upper Floridan aquifer.
Statistical Analysis
A linear-regression analysis was used to determine relations among ground-water levels, tidal stages, and discharge or specific conductance of springs. The technique determines a best-fit equation between one dependent variable and one or more independent variables.
The statistics used to evaluate the regression analysis are the coefficient of determination (R2) and the standard error. R2 is the proportion of variance in the independent variable that is explained by the regression, and the standard error is a measure of the reliability of the regression. Approximately 67 percent of the values estimated by the regression are within one standard error of the measured value of the independent variable, assuming normality of the residuals of the regression. For this study, the level of significance used to determine whether the regression coefficients are statistically different from zero was set to equal 0.05. Five wells were selected to provide information on ground-water levels and fluctuations. The change in water levels in Weeki Wachee well, Homosassa well no. 1, and ROMP TR18-3 well is representative of the nontidal regional water-level fluctuations in the Upper Floridan aquifer. The effect of tides on ground-water levels is represented by water-level fluctuations in Homosassa well no. 3 and ROMP 19-2 well. These five wells were chosen from the many wells in the area because of their proximity to the springs and the coast, length of record, and frequency of data collection.
SPRING DISCHARGE
Prior to this study, flow of springs in coastal Citrus and Hernando Counties had not been studied in detail; thus, it was not known to what extent spring flow is affected by tides and to what extent fluctuations in ground-water levels affect the flow. The purpose of this section is to describe (1) a statistical technique to estimate spring flow at tidal and nontidal springs and (2) the quantity and seasonal variability of water discharging from springs in the study area.
Estimation of Flow
Springs usually cannot be rated by means of a simple stage-discharge rating. The altitude of ground water near the springs, along with other variables, can be used to estimate instantaneous discharge. The method used in this report to estimate instantaneous discharge is linear-regression analysis.
The results of regression analysis for estimating instantaneous discharge for Weeki Wachee Springs, Bobhill Springs, Crab Creek Spring, and Salt Spring are summarized in table 2. Similar analysis was not undertaken for other springs because sufficient discharge data or ground-water data were not available for use in the regression analysis. For Weeki Wachee Springs, individual discharge measurements made during 1964-84 were regressed against concurrent water levels in Weeki Wachee well. For Bobhill Springs, individual discharge measurements made during 1988 were regressed against concurrent water levels in ROMP TR18-3 well. For Crab Creek Spring and Salt Spring, multiple regression models were developed by using independent variables that were suspected to affect discharge of the tidal springs. Variables were added in the following order: first, the daily maximum water level in Weeki Wachee well; then the instantaneous water level in ROMP 19-2 well and Homosassa well no. 1; and, finally, the instantaneous spring-pool altitude of Crab Creek Spring or Salt Creek Spring. Variables that did not contribute to the model were omitted. Values of R2 ranged from 0.81 to 0.99, and the standard error ranged from 0.07 to 11.6 ft3/s. The equation obtained in the regression analysis was used to compute the daily discharge of Weeki Wachee Springs, Bobhill Springs, Crab Creek Spring, and Salt Spring for the period April 1988 through March 1989.
Quantity and Seasonal Variability
Discharge was measured at 25 springs and at 2 spring-fed stream sites ( fig. 1) . A list of the site numbers, with a corresponding identification number based on latitude and longitude, is given in appendix A. Also included in appendix A is the USGS downstream order number, where applicable.
The range in instantaneous discharge measurements for 25 springs was -50.8 fV/s at Mud Spring during January 1989 to 221 ftYs at Weeki Wachee Springs during October 1988 (table 3) ; the mean discharge was 25.9 ft3/s. Measurements of instantaneous discharge and instantaneous specific conductance from March 1988 to April 1989 are listed in appendix B. Relations between flow of Weeki Wachee Springs, Bobhill Springs, and Hidden River Springs and water levels in nearby wells that tap the Upper Floridan aquifer are shown in figure 9. For every foot of water-level change in Weeki Wachee well, a change in discharge of about 12.5 ft3/s occurs at Weeki Wachee Springs. For every foot of water-level change in Homosassa well no. 3, a change in discharge of about 10.5 ft3/s occurs at Hidden River Springs, and for every foot of water-level change in ROMP TR18-3, a change in discharge of about 0.7 ft3/s occurs at Bobhill Springs.
Discharge hydrographs for the four daily discharge spring sites are shown in figure 10 for the period April 1988 through March 1989. This period includes dates of most of the water-quality and discharge determinations shown and discussed in this report. Also shown in figure 10 is the mean monthly discharge of Weeki Wachee Springs for the period 1966-84.
Spring flow is seasonal, with a peak discharge in late summer and early fall, followed by a gradual decrease in flow toward winter and spring, as shown in figure 10. Spring flow was highest in September and October, at the end of the wet season, and lowest in July, at the end of the dry season. The flow pattern is apparent in hydrographs for the tidal springs (Crab Creek Spring and Salt Spring) and in the nontidal springs (Weeki Wachee Springs and Bobhill Springs). The graph also indicates that, during the study period, spring flow at Weeki Wachee Springs was greater than the mean flow for the 1966-84 period.
To show the response of spring flow to recharge from summer rains, discharge was measured at 21 springs near the end of the dry season (June and July 1988) and again near the end of the wet season (October and November 1988) . Fifteen of the 21 springs averaged about a 35-percent increase in flow from dry-season to wet-season measurements. Spring flow remained virtually unchanged for the other six springs, indicating that the increase in spring flow during wet periods is not always proportional to the increase in rainfall as a result of storage in the aquifer. It is likely that, if a comparison could have been made over several years for each June-July and October-November period, a more significant relation between discharge of springs and recharge would have been found.
SPRING-WATER QUALITY
The degree of mineralization of spring water in the study area is determined largely by the mixing of saltwater with freshwater and by the composition and solubility of soil and rocks through which precipitation passes. This section describes the quality and variability of the quality of water discharging from springs in the study area and discusses the mixing patterns, age, and origins of the water.
Salinity
Salinity refers to the salt content of water or, more precisely, the concentration of dissolved solids in water. Forch and others (1902) define salinity as "the total amount of solid material in grams contained in one kilogram of sea water when all the carbonate has been converted to oxide, the bromide and iodine replaced by chlorine, and all organic matter completely oxidized." Salinity is generally expressed as a concentration of dissolved solids, in parts per thousand or milligrams per liter of seawater (1,000 mg/L is approximately equal to 1 ppt).
The salinity of water can be estimated from measurements of specific conductance. The specific conductance, measured in microsiemens per centimeter at 25°C, is proportional to the dissolved-solids concentration of water. Specific-conductance measurement is a convenient and rapid way to determine the approximate amount of dissolved solids in water.
Specific conductance also can be used to estimate individual ionic concentrations. Relations between specific conductance and selected ionic concentrations and dissolved solids in spring waters of coastal Citrus and Hernando Counties are shown in figure 11. All major constituents and dissolved solids have significant regression relations with specific conductance. The regression equations given in table 4 can be used to estimate the concentration of certain dissolved constituents in spring water if specific conductance is known.
Major-Ion Chemistry
Results of the chemical analyses of water from 25 springs are listed in appendix C. The springs that were sampled are shown in figure 1 ; the site numbers correspond to those in appendix A. In addition to the 25 samples of spring water, appendix C includes results of analyses of four water samples from the Gulf of Mexico and analyses of water samples from three coastal wells. Springs in coastal Citrus and Hernando Counties discharge three different types of water: calcium bicarbonate, sodium chloride, and a transitional type whose chemical quality is intermediate between the two water types. The gradation in water types is illustrated in the plot of major cation and anion equivalent concentration percentages on the trilinear diagram in figure 12 . Trilinear diagrams are used to indicate water-quality variations, classification of water masses, and resultant water types from water mixing. Water from Weeki Wachee Springs is typical of a calcium bicarbonate water. It contains low concentrations of sodium, chloride, and dissolved solids. The dominant ion is bicarbonate, which is characteristic of a carbonate aquifer. Water from Bubba Spring is typical of a transitional water that does not contain any individual cation or anion species in a concentration exceeding 50 percent of the total ionic concentration. Water from Salt Spring is representative of a sodium chloride water. Water of this type contains high concentrations of sodium, chloride, and dissolved solids. The dominant ion is chloride.
It is apparent from examining the diamond part of figure 12 that the primary processes affecting the chemical quality of spring water are the solution of carbonate minerals and the mixing with saltwater. Waters that have the lowest chloride concentrations (Weeki Wachee Springs) plot in the typical calcium bicarbonate position of water from carbonate aquifers (Back and Hanshaw, 1971) . As the percentage of chloride increases, the position of each succeeding analysis describes a near straight line to the position of Gulf of Mexico water ( fig. 1, site 41) .
To further illustrate the mixing relation, the ratio of magnesium to calcium concentrations, in milliequivalents, was plotted as a function of the chloride concentration for each sample (fig. 13) . The straight line in figure 13 shows the magnesium to calcium ratio and chloride equivalent concentration that would result if gulf water were added in increasing amounts to water from Weeki Wachee Springs. As chloride concentration increases, a corresponding increase in magnesium to calcium ratio occurs. The near straight-line plot demonstrates that the source of magnesium is gulf water rather than a source relatively richer in magnesium than gulf water.
Water chemistry of some springs varied between the dry-season and wet-season sampling periods. The springs generally discharged fresher water during the wet-season sampling period than during the dry-season sampling period. Lower chloride concentrations are correlated with lower variation in major-ion concentrations between the two sampling periods. Springs with chloride concentrations less than 50 mg/L had only small variations in water chemistry between the two sampling periods. Weeki Wachee Springs is an example of a spring in the study area that had little change in major ion chemistry ( fig. 14) . Springs with chloride concentrations greater than 50 mg/L generally had significant decreases in major-ion concentrations between the two sampling periods as a result of the lower saltwater content of the springs in late summer and early fall. Of the 25 springs sampled, Jenkins Creek Spring had the greatest variation in water chemistry. Potter Spring, Ryle Creek Lower Spring, and Salt Creek Head Spring exhibited increases in major-ion concentrations between the two sampling periods.
Total Nitrogen and Total Phosphorus
Results of the analyses of samples for total nitrogen and total phosphorus are listed in appendix C. Springs and wells were sampled once in June or July, near the end of the dry season, for analysis for these constituents. Concentrations of total nitrogen were small (less than 0.5 mg/L) and were within ranges expected for ground water in the study area (Fretwell, 1983) . Concentrations of total phosphorus in samples from the study area were minimal. Concentrations of total phosphorus were near analytical detection limits and did not indicate contamination problems. 
Environmental Isotopes
Isotopic composition can be used to indicate the age, origin, and mixing patterns of water. Samples of water from springs, wells, and the Gulf of Mexico were collected for analysis for tritium and the stable isotopes oxygen-18 ( I8O) and deuterium (D). Stable isotope ratios are reported relative to a standard as delta units (8) in parts per thousand (permil). For hydrologic purposes, the reference standard composition is that of average seawater (SMOW, standard mean ocean water) (Hem, 1985) . Larger negative value for 8 I8O and 8D indicate greater depletion of 18O and D relative to the standard. Analytical results for these isotopes and tritium in samples collected at 25 springs and 4 sites in the Gulf of Mexico from 1987 through 1989 are given in table 5. Two of the gulf sites are about 1 and 30 mi west of the mouth of the Homosassa River; the other two sites are about 5 and 50 mi west of the mouth of the Weeki Wachee River ( fig. 1) .
Tritium is a radioisotope of hydrogen. It has a half-life of approximately 12.4 years and is derived from both natural sources and human activities. Prior to extensive atmospheric thermonuclear testing between 1952 and 1963, background tritium levels in precipitation were about 6.4 to 32 pCi/L, depending on geographic location (Kaufman and Libby, 1954) . Beginning in 1952, relatively large amounts of tritium were introduced into the atmosphere, and, by 1963, tritium concentrations in rain were reported to be 3,800 pCi/L at Ocala, Fla. (International Atomic Energy Agency, 1981). Since the ban on atmospheric nuclear testing became effective in 1963, tritium levels in precipitation have declined each year, and, in 1988, the amount of tritium was not significantly different from the estimated prebomb concentration of 16 pCi/L (Robertson and Cherry, 1989) .
Tritium is a useful tool for hydrologic studies because it provides a convenient marker for relatively young water in the hydrologic cycle. Ground water in west-central Florida with a concentration greater than 160 pCi/L would have to contain a large proportion of water that fell as precipitation between 1962 and 1965 (Swancar and Hutchinson, 1992) . Ground water recharging between 1962 and 1970 is expected to have a concentration of more than 48 pCi/L, and water greater than 70 years old would have only background concentrations of tritium (Swancar and Hutchinson, 1992) .
Assuming a prebomb input concentration of 16 pCi/L and a half-life of 12.4 years, the concentrations of tritium in samples collected in 1988 during selected years would be as follows (Swancar and Hutchinson, 1992 The stable-isotope composition also is used in groundwater investigations to indicate origins and mixing patterns. In general, 8 I8O and 8D are different for waters of different origins. Mixing equal parts of seawater with freshwater results in a water whose isotope composition is midway between that of seawater and that of freshwater. As a result, a linear relation exists between chloride concentration and the stable-isotope content (Coplen, 1988) .
A high correlation exists between the isotope composition and chloride concentration of spring water in the study area ( fig. 15 ). Increased chloride content corresponds to decreased tritium content and increases in both 8 18O and 8D values along a typical mixing line between local ground water and gulf water.
From the chloride content and isotope content of the springs and the isotope content of seawater, it was possible to estimate the isotope index of the freshwater discharging from the springs. The isotope content of the freshwater discharging from the springs can be estimated by means of the following mass-balance equation: Figure 15 . Relations between delta oxygen-18 and chloride, tritium and chloride, and delta deuterium and chloride.
Spring-Water Quality
The percentage of saltwater in each sample was determined from chloride concentrations. Given the molarities of chloride in freshwater, saltwater, and the mixture, the fraction of saltwater in the mixture can be estimated from the following equation (Plummer and Back, 1980 The isotope composition of seawater was estimated to be 0 pCi/L for tritium, 4 ppt for 8D, and 0.70 ppt for 818O. These values were estimated from the regression equations in figure 15 , assuming a chloride concentration of seawater of 555 millimoles.
Results of analyses for tritium indicate that the freshwater discharging from coastal springs is predominantly post-1952 in age and of very recent origin. Tritium concentrations in the freshwater discharging from the springs averaged about 21 pCi/L for all spring samples and ranged from 13 pCi/L at Ryle Creek Lower Spring to 26 pCi/L at Bobhill Springs. Of the samples analyzed for tritium, only Jenkins Creek Spring no. 5 had an average value for the two sampling periods of less than 20 pCi/L. The tritium data indicate that freshwater springs discharge water that is less than 70 years old.
No appreciable variation in tritium concentration in the freshwater discharging from the sampled springs was observed between the two sampling periods. Tritium concentrations varied an average of less than 2 pCi/L between sampling periods, although tritium concentrations in rainfall in spring and summer are 3 to 10 times greater than those in fall and winter (International Atomic Energy Agency, 1981) . This implies that tritium concentrations in spring water are affected little by their seasonal variation in rainfall. The cause of the unusual change in tritium concentrations at Ryle Creek Lower Spring (13-21 pCi/L) is unknown. The stable-isotope composition of the freshwater discharging from the springs varies little. The stable-isotope composition of water from each spring is plotted in figure 16 . The values plotted are means for the two sampling periods, and, where appropriate, the values plotted have been corrected for the presence of seawater in order to reflect the isotope composition of the freshwater component of the mixture. Values generally range from -3.1 to -3.5 ppt for 6 I8O and from -15 to -18 ppt for 8D. Exceptions are values for Baird Creek Head Spring, Jenkins Creek Spring no. 5, and Blue Run Head Spring. Most rain that falls in the basin originates as evaporation from the gulf, and, because it has been through only one evaporation-condensation cycle, it is slightly depleted in oxygen-18 and deuterium as compared to seawater.
Variations in 6I8O, 6D, and tritium in the ground water in the coastal springs ground-water basin, sampled as part of a concurrent study (Swancar and Hutchinson, 1992) , are shown in figure 17 . The isotope compositions of ground water and spring water are similar. This implies that groundwater flow paths are relatively short and continuously open to recharge. Average 6I8O in springs is about -3.3 ppt, compared to an average of about -3.5 ppt for ground water in the basin. Average 5D in springs is about -16.5 ppt, compared with an average of about -17 ppt for ground water in the basin. Tritium concentrations average about 21 pCi/L in the springs and about 25 pCi/L in the ground water in the basin. The noted exceptions are in northern Polk County and in the southern counties where the isotope composition of ground water is characteristic of a mixture of young and older water.
EFFECTS OF TIDAL STAGE AND GROUND-WATER LEVELS ON SPRINGS
The following sections include a summary of specificconductance and stage data for continuous-record spring sites, and an analysis of the effects of tides and ground-water levels on specific conductance of spring water and waterlevel fluctuations of springs. The discussion also includes a statistical technique for estimating daily maximum specific conductance in springs on the basis of ground-water levels and tides.
Discharge
Tides in the Gulf of Mexico affect flow of most coastal springs by raising and lowering water levels in both the spring and the aquifer. The flow of tidal springs is greater at low tide stage than at high or intermediate tide stage (fig. 18) . At low tide, the head in a tidal spring decreases more than the head in the aquifer. This increases the gradient between the aquifer and the spring and permits water to flow out of storage, thereby increasing spring flow. At high tide, the head in a tidal spring increases more than the head in the aquifer. This decreases the gradient between the aquifer and the spring, thereby decreasing spring flow.
Weeki Wachee Springs, Bobhill Springs, and Hidden River Springs are not tidally affected. Their relatively high spring-pool altitude effectively blocks tidal movement upstream.
A double-mass plot was used to determine whether seasonal variations in tides affect discharge ( fig. 19 ). In the analysis, the accumulated mean monthly flows of two springs were plotted against each other. A change in slope in the relation would imply a change in flow in one of the 
Water Quality
Specific-conductance variation in springs is controlled by the dynamic balance between the denser saltwater and the level of freshwater above sea level and the diurnal tidal cycle (Mann and Cherry, 1969) . The influence of ground-water levels is largely seasonal, whereas tides fluctuate hourly and influence specific conductance in a more short-term, cyclic manner. Specific conductance can increase by 5,000 to 20,000 LiS/cm in a few hours between low and high tide, whereas stage can increase 1 to 2 ft. A summary of specific-conductance and stage data for continuous-record spring sites during the period of study is listed in table 6. Instantaneous specific conductance for 23 springs ranged from 227 LiS/cm at Bobhill Springs to 29,700 LiS/cm at Mud Springs. Mean daily specific conductance ranged from 242 LiS/cm at Bobhill Springs to 21,900 LiS/cm at Hospital Hole. The average diurnal stage range was about 0.75 ft and varied from 0.07 ft at Hidden River Head Spring to 2.81 ft at Boat Spring.
The variation in daily maximum water levels in Weeki Wachee well and daily maximum specific conductance of Salt Spring and Crab Creek Spring during April 1988 through March 1989 is shown in figure 20 . The graphs show that the seasonal fluctuations in specific conductance were substantial. Minimum specific-conductance values occurred in fall when ground-water levels generally are the highest, and maximum values occurred in summer when groundwater levels are the lowest. The large daily fluctuations in specific conductance in both springs are the result of daily differences in high tides in the Gulf of Mexico. The saltwater-freshwater interface along Citrus and Hernando Counties moves horizontally and vertically in the aquifer in response to changes in ground-water levels and tides in the gulf. This movement creates a zone of varying specific conductance that changes seasonally and with tides. For example, samples collected from Hospital Hole ( fig. 1 , site 7) at low-water conditions on November 9, 1988, had specific-conductance values of 850 (iS/cm at the surface, 8,200 \jiS/cm at a depth of 50 ft, and 17,600 ^iS/cm at a depth of 80 ft. At high-water conditions and lower tide on March 18, 1989, the specific conductance of samples from Hospital Hole was 424 |iS/cm at the surface, 5,000 (iS/cm at a depth of 50 ft, and 15,800 [iS/cm at a depth of 80 ft.
Diagrams showing how movement of the saltwaterfreshwater interface could cause variations in specific conductance of water discharging from springs are presented in figure 21 . At times of high water levels in the aquifer, the interface is at its greatest depth, and discharge from the springs tends to be freshest. At times of low water levels, the depth to the interface is at its shallowest level. Under these conditions, saltwater in the aquifer mixes with freshwater flowing upward toward the spring openings, causing increased specific conductance in the spring discharge.
Although it was expected that springs would be fresher when ground-water levels were high and saltier when ground-water levels were low, an opposite condition was observed in several of the springs. Specific conductance of Halls River Head Spring, Potter Spring, and Chassahowitzka Springs was higher at high ground-water levels than at low ground-water levels. The reason for this is unclear. It may reflect variations in the proportion of the total flow of the spring that is derived from each formation or producing zone. When water levels are high, the head in shallower formations may be slightly less in some places than the head in deeper formations. This difference in head could increase the contribution from the deeper, more saline formation, thereby increasing the salt content of the water. However, a longer sampling period would be needed to verify these conditions.
Tides in the Gulf of Mexico cause short-term, regular fluctuations of stage and specific conductance of springs. Tides are of the mixed semidiurnal type; a higher high and lower high tide as well as a higher low and lower low tide are possible each day. Tides in the gulf, as well as gage height and specific conductance of water at Boat Spring on June 1 -2, 1988, are shown in figure 22 . Maximum and minimum specific-conductance values were measured just after maximum and minimum tide stage. An attempt was made to determine the relations among ground-water levels, high tides, and the daily maximum specific conductance in the brackish springs. Multipleregression models were developed by using independent variables that were expected to affect water quality. The variables added to the regression models were as follows: first, the daily maximum water levels in Weeki Wachee well; then, the daily high water level in ROMP 19-2 well or Homosassa well no. 1; and, finally, the daily maximum spring-pool stage of the springs. Variables that did not contribute to the models were omitted.
A summary of the predictive equations and statistics of the regression analysis is given in table 7. The models that accounted for the most variation in specific conductance include water levels in Weeki Wachee well and tides represented in ROMP 19-2 well or Homosassa well no. 1. Although spring-pool stage intuitively seems to be an important factor in variations in specific conductance, it was significant in only 5 of the 15 spring models. Values of R2 ranged from 0.25 to 0.97, and the standard error ranged from 169 to 2,677 u.S/cm. Specific-conductance variations for selected springs for various high-tide and water-level conditions, based on equations in table 7, are shown in figure 24 . In Salt Spring, a change of about 14,000 jJ.S/cm occurs for every 1 ft of waterlevel change, whereas a change of about 450 |LiS/cm occurs in Baird Creek Head Spring for every 1 ft of water-level change. As indicated earlier, the anomalous relation between water level and specific conductance in Potter Spring and Halls River Head Spring may be the result of variations in the proportion of the total flow that is derived from individual producing zones. of the presence of cave passages through which saltwater moves freely in response to tides. At Boat Spring, saltwater from the gulf flows upstream during floodtides to the springhead. At Mud Spring, a combination of these two processes occurs.
NEED FOR ADDITIONAL DATA COLLECTION
Specific-conductance duration curves for the continuousrecord spring sites for various time periods between April 1988 and March 1989 are shown in figure 23. Time periods for continuous measurements are representative of a wide range of tide conditions. The graphs show that most of these springs are brackish (water having a specific conductance of at least 1,000 |j.S/cm) most of the time. Only Hidden River Head Spring, Bubba Spring, Magnolia Springs, Trotter Spring, and Bobhill Springs were fresh during the entire continuous-measurement periods.
Hydrologic data collected as part of this investigation seem to be adequate for defining the current hydrologic conditions of springs in the study area. The analyses are useful as an initial approach; however, continued data collection to monitor long-term changes in the quality and quantity of spring water resulting from the effects of increasing groundwater use would help safeguard the fresh ground-water resources.
Future identification, analysis, and explanation of trends will be contingent on an adequate data-collection program. A program of long-term monitoring at selected springs would provide a data base for assessing the regional effects of human activities. A typical data-collection network would include one or more springs to monitor the position of the transition zone in the aquifer and provide a record of variations in spring flow and water quality. The sampling intervals could be daily, weekly, monthly, or longer, depending on the rate of water-level change and the effects of this change on specific conductance. Figure 24 . Relation between daily maximum water levels in Weeki Wachee well and daily maximum specific conductance in selected springs for maximum water levels in Homosassa well no. 1 and ROMP 19-2 well.
SUMMARY AND CONCLUSIONS
A study was conducted from 1987 to early 1989 in coastal Citrus and Hernando Counties to characterize the discharge, water chemistry, and tidal and salinity variations of coastal springs. The study area is experiencing rapid growth, and increasing demands are being made on the water resources. There is concern that increased saltwater intrusion may occur in springs as a result of pumpage from future well fields and export of the ground water to urban centers. Because of the potential for increased saltwater intrusion as the result of increasing use of ground water, an understanding of coastal springs and their relation to the hydrology of the area is essential.
The study area is along the gulf coast of Florida and is primarily a zone of ground-water discharge. The few perennial streams that exist are supplied almost entirely from spring discharge. The area contains 3 first-order-magnitude springs (springs that discharge 100 ft3/s or more) and at least 23 smaller springs. The springs discharge about 650 ftVs of water to coastal water, saltmarshes, and swamps along the Gulf of Mexico. Most spring flow is derived from the Upper Floridan aquifer, primarily through solution cavities in the limestone and dolomite strata of the aquifer, which is at or near land surface in the area. Spring flow in most of the area is affected by tidal fluctuations in the gulf. Springs discharge freshwater, saltwater, or a mixture of the two.
Along the coast, a zone of diffusion exists between freshwater and saltwater. This zone moves horizontally and vertically in the Upper Floridan aquifer in response to changes in freshwater head and tides in the gulf. The influence of freshwater head is largely seasonal, whereas tides fluctuate hourly and influence the interface in a more short-term, cyclic manner.
Geophysical and chloride-concentration data indicate a saltwater-freshwater interface that is parallel to the coast with landward reentrants at major springs and gulfward extensions of the interface between springs. The springs have lowered hydraulic heads, permitting higher chloride concentrations at shallow depths.
Discharge was measured at 25 springs in the study area. Instantaneous flow ranged from -50.8 to 221 ft3/s. Most springs have a similar flow pattern with a peak discharge in late summer and early fall followed by a gradual decline in flow toward winter and spring. Spring flow is related to the altitude of ground water in the Upper Floridan aquifer. Spring flow during wet periods is not always proportional to the increase in rainfall as a result of storage in the aquifer. The flow of most springs in the study area is affected by tides in the gulf. Flow is generally greatest at low stage and is a function of the difference in head between the aquifer and the spring pool. Most springs in the area lie near or within the zone of diffusion in the Upper Floridan aquifer and discharge a mixture of saltwater and freshwater. In general, chloride concentrations in spring water decrease with distance from the coast because of higher water levels in the Upper Floridan aquifer and a deeper saltwater-freshwater interface.
Springs in the study area discharge water of three different types: calcium bicarbonate, sodium chloride, and a transitional type. The primary processes affecting the chemical quality of spring water are the solution of carbonate minerals and mixing with underground saltwater. Seasonal variation in water quality is not constant from spring to spring. Generally, the higher the salinity of the spring water, the greater the variation in its major-ion chemistry. Bicarbonate concentration was fairly constant in the springs. Concentrations of total dissolved nitrogen and total phosphorus were small and were within ranges expected in ground water in the study area.
Results of analyses of water samples for tritium indicated that water of post-1952 age issues from all springs in the study area. No appreciable seasonal variation in tritium concentration of the freshwater component was observed in the sampled springs.
All the springs have a similar stable-isotope composition. Delta oxygen-18 and delta deuterium values, representing differences in concentrations relative to Standard Mean Ocean Water, generally ranged from -3.1 to -3.6 ppt for oxygen-18 and from -15 to -20 ppt for deuterium. These values are comparable to isotopic values for ground water in the basin. Results of analyses for tritium indicate that water flowing to the springs is of recent origin.
Water from springs at the coast is subject to greater variations in specific conductance than water from inland springs. This is the result of lower ground-water levels and a shallow saltwater interface at the coast. Specific conductance was measured continuously at 23 spring sites. The range in instantaneous specific conductance for continuous-record spring sites was 227 to 29,700 [iS/cm. Diurnal fluctuations in stage and specific conductance of spring water due to tides occur in most coastal springs in the area. Specific conductance can increase by 5,000 to 20,000 (j.S/cm in a few hours between low and high tide, whereas stage can increase by 1 to 2 ft. Tide ranges vary with distance from the coast. The range in mean daily tides was 0.07 to 2.81ft.
Predictive equations to estimate specific conductance of spring water from tide stage, spring pool stage, and ground-water levels were developed for 15 springs using regression techniques. The model that accounted for the greatest variation in specific conductance was one that included ground-water levels. Spring stage was significant in 5 of the 15 spring models. Values of R2 ranged from 0.25 to 0.97, and the standard error ranged from 169 to 2,677 [iS/cm. The regression models indicate that seasonal changes in specific conductance in most springs are caused primarily by seasonal changes in ground-water levels.
The coastal-springs area is a small but important segment of a large ground-water flow system. Results of this study demonstrate that the chemical quality and flow rate of springs depend on head in the Upper Floridan aquifer. Continued development of ground-water resources within the coastal-springs ground-water basin will modify flow and chemical characteristics of the springs and downstream estuaries. Long-term monitoring at selected springs is needed to assess the long-term effects of human activities. 
